To determine whether a polymer-drug conjugate might improve tumor cell kill compared to the corresponding unconjugated agent when used in combination with radiation, we examined the antitumor activity of a water-soluble conjugate of N-(4-hydroxyphenyl) retinamide (4HPR) and poly(L-glutamic acid), PG-4HPR, in lung cancer cells and xenografts. The antiproliferative activity of 4HPR and PG-4HPR in human lung cancer A549 cells was evaluated and the response of the cells to radiation measured by clonogenic assay. Response to irradiation was evaluated by measuring tumor growth delay in nude mice bearing intramuscularly inoculated A549 tumors. Histologic responses were assessed by examination of apoptosis (TUNEL assay) and cell proliferation (Ki67 staining). In vitro, 4HPR and PG-4HPR inhibited the proliferation of A549 cells, with IC 50 values of 25.8 μM and >50 μM, respectively, after 24 h of continuous exposure and 6.25 μM and 9.75 μM, respectively, after 120 h. Both agents increased radiosensitivity at an equivalent 4HPR concentration of 10 μM after 5 days of exposure, with enhancement factors of 1.40 and 1.43. In tumor xenografts, intravenous injection of 4HPR or PG-4HPR (30 mg eq. 4HPR/kg) enhanced radiosensitivity by 1.3 and 1.6, respectively, without apparent systemic toxicity. PG-4HPR augmented radiation-induced apoptosis and decreased cellular proliferation in vivo. The radiation response of A549 tumors was greater with PG-4HPR than with 4HPR, which may be attributed to increased delivery of 4HPR to the tumors and enhanced apoptotic response. These results suggest that a polymeric delivery system may be useful for modulating radiosensitivity.
Introduction
It has been shown that the addition of concurrent chemotherapy to radiotherapy (chemoradiotherapy) results in improved clinical outcome in terms of both locoregional control and overall survival in some groups of patients (1) (2) (3) . However, chemoradiotherapy is often associated with severe, dose-limiting toxicities that limit its application. For example, Liao et al (4) found that the combination of twice-daily radiotherapy (XRT) and concurrent cisplatin/etoposide resulted in a favorable long-term outcome (26%, 5-year survival rate), but it also increased the incidence of more severe radiationinduced pneumonitis and esophagitis. Furthermore, most chemoradiotherapy regimens are platinum-based and there is evidence that the maximum tolerable toxicity has been reached with the dose intensities currently used in bolus cisplatin regimens. Therefore, new means are being explored to selectively target tumors with chemotherapeutic agents to reduce normal tissue toxicity and maximize antitumor efficacy.
One approach to improve the efficacy of radiotherapy without increasing its side effects is to use molecularly targeted therapeutic agents such as epidermal growth factor receptor and vascular endothelial growth factor receptor inhibitors (1, 5) . The fact that the specificity of such agents will be high by design has given rise to the expectation that targeted drugs will be very active but generally well-tolerated. Alternatively, the novel drug delivery system may be used to achieve a high degree of spatial localization of chemotherapy within the tumor, which not only contributes to the efficacy of the drug as a pure chemotherapeutic agent, but also acts as a novel method for delivering chemotherapy as a radiosensitizer. It is known that long-circulating water-soluble polymers and nanoparticles exhibit enhanced tumor uptake after systemic administration. The phenomenon, termed enhanced permeability and retention (EPR) effect, is attributed to greater permeability of disordered capillary endothelia in malignant tumors towards macromolecules than normal tissue and the lack of functional lymphatics in solid tumors (6) . Using paclitaxel as a model chemotherapeutic agent, we have previously demonstrated that combining radiotherapy and chemotherapy using a polymer-drug conjugate can lead to a stronger radiosensitizing effect than using the drug alone. Moreover, tumor irradiation can in turn potentiate the tumor response to polymer-drug conjugates by increasing tumor vascular permeability and thus the uptake of these conjugates into solid tumors (7) (8) (9) (10) . These intriguing preclinical data suggest a large potential benefit in using polymer-drug conjugates in combination with radiotherapy. Promising low-toxicity agents for sensitizing tumors to radiotherapy or chemoradiotherapy include vitamin A and its synthetic analogues. Vitamin A (retinol) is a naturally occurring compound that plays a crucial role in the regulation of cellular differentiation and proliferation of epithelial tissue (11, 12) . Retinoids include active metabolites of vitamin A as well as a diverse array of synthetic derivatives. Of the synthetic analogues, N-(4-hydroxyphenyl) retinamide (4HPR, fenretinide) has emerged as one of the most promising alternatives to the natural retinoids. 4HPR exhibits cytotoxic activity both in vitro and in vivo in a wide variety of tumors, including lung cancer cells (13) (14) (15) (16) . Multiple in vitro studies have demonstrated that retinoids can enhance the ability of radiation to kill cells and induce apoptosis (17) (18) (19) . Thus far, however, no study has evaluated the radiosensitizing effect of 4HPR in an experimental animal model.
In this study, we have extended the use of a water-soluble polymeric drug conjugate as a radiosensitizer and investigated the antitumor effect of PG-4HPR in combination with radiation therapy in a human lung tumor model.
Materials and methods
Materials. 4HPR, PG (M n =13,000 Da), 1,6-hexandiol, dicyclohexyl carbodiimide, pyridine, diaminobenzidine, peroxide, and all solvents were purchased from SigmaAldrich (St. Louis, MO). Spectra/Pro 7 dialysis tubing (molecular weight cut-off, 10 kDa) was purchased from Fisher Scientific (Pittsburgh, PA). Silica gel plates for thinlayer chromatography were purchased from EM Science (Gibbstown, NJ).
Analytical methods. Ultraviolet (UV) measurements were recorded using a Beckman DU640 spectrophotometer (Beckman Coulter, Inc., Fullerton, CA). The concentration of 4HPR in polymer conjugate was quantified by UV measurement at 363 nm. Gel permeation chromatography (GPC) was performed on a Waters high-performance liquid chromatography system (Waters Corp., Milford, MA) consisting of a 600 controller, a 717 plus auto sampler, and a Viscotek E-Z pro triple detector (Viscotek, Houston, TX) that records refractive index, viscosity, and light-scattering signals. The samples were separated using a TSK-G4000PW 4.6 mm x 30 cm column (TosoHaas, Montgomeryville, PA) eluted with phosphate-buffered saline (PBS) containing 0.1% LiBr at a flow rate of 1.0 ml/min. Weight-and number-average molecular weight was calculated using Viscotek TriSEC GPC software.
Synthesis and characterization of PG-4HPR. We used partially cross-linked PG to prepare PG-4HPR conjugate (Fig. 1) . Partially cross-linked PG was prepared in situ from lowmolecular-weight linear PG. In a typical reaction, PG (M n , 13,000 Da, 2.0 g, 15.5 mmol COOH) was dissolved in 120 ml of anhydrous dimethylformaide, followed by the sequential addition of 1,6-hexandiol (131 mg, 1.1 mmol), pyridine (22 ml), and dicyclohexyl carbodiimide (800 mg, 3.88 mmol). The solution was stirred at room temperature for 24 h. Next, 4HPR (0.2 g, 0.51 mmol) and dicyclohexyl carbodiimide (1000 mg, 4.85 mmol) were added to the above solution, and the resulting solution was stirred at room temperature for an additional 24 h. After the removal of dicyclohexylurea by centrifugation and filtration, the product was precipitated from dimethylforamide (DMF) with chloroform. The precipitate was redissolved in 1 N NaCO 3 and dialyzed against distilled water (molecular weight cut-off, 10 K) at 4˚C with at least four exchanges. The aqueous solution was filtered through a 0.2-μm membrane and lyophilized to yield 2.14 g of spongelike yellowish powder. The weight-average and numberaverage molecular weights of PG-4HPR conjugate were 86.5 K and 33.2 K, respectively. 4HPR content in PG-4HPR was 8.9% (yield: 95%). Thin-layer chromatography confirmed the absence of free 4HPR in the product.
Cell line and cell culture. The non-small cell lung cancer cell line A549 was obtained from American Type Culture Collection (Rockville, MD). Tumor cells were grown in F-12 medium supplemented with 10% fetal bovine serum (FCS, Life Technologies Europe, Paisley, UK) and 2 mM glutamic acid and incubated at 37˚C in a humidified 5% CO 2 atmosphere.
Growth inhibition. Stock solutions of 4HPR in dimethyl sulfoxide (DMSO, 10 mM) and PG-4HPR in water (equivalent 4HPR concentration, 10 mM) were prepared prior to the experiments. Cells were plated in 96-well plates (3x10 3 cells/ well) and were allowed to grow at 37˚C for 24 h. The cells were then treated with 4HPR or PG-4HPR at various concentrations ranging from 0.08 to 50 μM for 24, 72, and 120 h. DMSO at a concentration of 0.5% (v/v), equivalent to that used in 50 μM of 4HPR, was used as a control. Cell viability was measured using 3-(4,5-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The absorbance was measured in triplicate at a wavelength of 570 nm. The relative percentage of viable cells was calculated in terms of the Radiosensitivity by clonogenic survival. A549 cells were cultured as described before. Twenty-four hours after cells were plated, the culture was replaced with medium containing 10 μM 4HPR or PG-4HPR. This dose was chosen on the basis of the cell growth inhibition data, which showed that ~50% of cell growth was inhibited at ~10 μM after treatment with 4HPR or PG-4HPR for 5 days. After continuous exposure for 5 days, the cells were irradiated with 0, 1, 2, 4, or 6 Gy of γ-rays using a 137 Cs source at a dose rate of 3.7 Gy/min. After irradiation, cells were counted and then plated in new dishes with medium containing 10 μM 4HPR or PG-4HPR. At each radiation dose level, increasing numbers of cells (from 200 to 6000 cells per dish) were seeded. Thirteen days later, cell colonies were stained with crystal violet, and colonies over 50 cells were scored. Survival data were obtained for cells incubated with or without drugs.
Tumor growth in nude mice. Animals used in this study were maintained in facilities approved by the American Association for Accreditation of Laboratory Animal Care, and all experiments were performed in accordance with National Institutes of Health and institutional guidelines. Female nu/nu mice (4-6 weeks old) were purchased from Charles River Laboratories (Wilmington, MA). The mice were maintained in a specific pathogen-free mouse colony.
Solitary tumors were produced by inoculation of 5x10 6 A549 cells into the muscle of the right hind legs of the mice. When the tumors had grown to 7-8 mm in average diameter, the mice were randomly divided into 6 groups of 6 mice each. Groups of tumor-bearing mice were treated as: 1) intravenous injection of 4HPR at a dose of 30 mg/kg, 2) intravenous injection of PG-4HPR at a dose equivalent to 30 mg 4HPR/kg, 3) local tumor irradiation alone, 4) 4HPR (30 mg/kg, i.v.) 24 h before local tumor irradiation, and 5) PG-4HPR (30 mg eq. 4HPR/kg, i.v.) 24 h before local tumor irradiation. Untreated mice served as controls. Before irradiation, mice were immobilized in a special jig, and tumors were centered in a 3-cm-diameter circular field. A single 10-Gy dose of gamma radiation was locally delivered using a dual-source 137 Cs unit at a dose rate of 6.25 Gy/min. The effect of each treatment on tumor response was assessed by tumor growth delay. Three orthogonal tumor diameters were measured using calipers at 1-day intervals until the tumors grew to at least 14 mm in mean diameter. The degree of growth delay was expressed either as the absolute or normalized growth delay. Absolute growth delay was defined as the time in days for tumors in the treatment arms to grow from 7.5 mm to 12.5 mm in diameter minus the time in days for the tumors in the untreated control group to reach the same size. Normalized growth delay was defined as the time in days for tumors treated with a combined regimen to grow from 7.5 mm to 12.5 mm minus the time to reach the same size in tumors treated with 4HPR or PG-4HPR alone.
Histology. In a separate experiment, group of mice (n=2) were treated as before and the mice were sacrificed by CO 2 inhalation at 24 h after local irradiation. The tumors were immediately excised. Half of the tumor was stored in neutralbuffered formalin for hematoxilin and eosin (H&E) staining. The other half was put on a plastic cassette, embedded in Tek Oct compound (Miles Scientific, Naperville, IL), frozen with liquid nitrogen, and then stored at -160˚C. For H&E staining, tissues were embedded in paraffin blocks, and 4-μm sections were cut and stained with H&E.
For terminal deoxyribonucleotidyl transferase-mediated nick end-labeling (TUNEL) and Ki67 staining, frozen tumor tissues were sectioned into 8-μm slices. The DeadEnd™ colorimetric TUNEL system (Promega, Madison, WI) was used to stain for apoptotic cells. Frozen sections were washed by immersion in 0.85% NaCl and PBS for 5 min each. The slides were then fixed in 10% buffered formalin in PBS for 15 min and washed with PBS twice for 5 min each. For cell permealization, slides were incubated with proteinase K solution (Amresco, Solon, OH) (100 μl, 20 μg/ml) for 15 min. After a 5-min wash in PBS, the slides were fixed again in 10% buffered formalin in PBS for 5 min. Equilibration was then performed by incubation in 100 μl equilibration buffer for 5 min followed by another PBS wash. Labeling was preformed by adding 100 μl of biotinylated terminal deoxynucleotidyl transferase (TdT) reaction mixture to the tissue sections on the slides. Plastic coverslips were used to ensure even distribution of TdT, and the slides were incubated for 60 min in a 37˚C humidified chamber. The reaction was stopped by immersing the slides in 2X standard saline citrate for 15 min, followed by three consecutive 5-min PBS washes. Immersion in 3% hydrogen peroxide for 3 min was done as the blocking step, followed by another triple wash in PBS. Streptavidin-horseradish peroxidase conjugate (100 μl, diluted 1:500 in PBS) was then added, followed by 30 min of incubation. A triple wash in PBS was then preformed, followed by the addition of 100 μl diaminobenzidine (Sigma-Aldrich), which was allowed to incubate until a light brown background developed. Finally, the slides were immersed in deionized water several times. The TdT was replaced by PBS for the negative control.
For Ki67 staining, frozen slices were rinsed in PBS three times to remove the tissue-freezing matrix. Endogenous peroxidase activity was eliminated by incubation in 0.3% H 2 O 2 . The slides were treated with primary antibody of Ki67 (BD Biosciences, San Jose, CA) at a dilution of 1:100. The slides were then incubated with biotinylated secondary antibody (Santa Cruz Biotech, Santa Cruz, CA), washed, and incubated with streptavidin-conjugated horseradish peroxidase. The slides were developed using ABC elite 3,3'-diaminobenzidine (Vector Lab, Inc., Burlingame, CA) and mounted in Permount (Fisher Scientific, Fair Lawn, NJ) for microscopic examination. Table I . Effect of 4HPR and PG-4HPR on response of A549 tumors to radiation as measured by tumor growth delay. 
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a Absolute growth delay was defined as the time in days for tumors in treated groups to grow from 7.5 to 12.5 mm minus the time in days for tumors in the control group to grow to the same size.
b Normalized growth delay was defined as the time in days for tumors to grow from 7.5 to 12.5 mm in mice treated with the combined regimen minus the time to reach the same size in tumors treated with 4HPR or PG-4HPR alone.
c Enhancement factors were obtained by dividing normalized tumor growth delay by the absolute growth delay in mice treated with XRT alone. CI, confidence interval.
d Compared with that of control group: 0.01<p<0.05. e Compared with that of irradiation alone group: 0.01<p<0.05.
- ---------------------------------------------------------------------------------------------------- The numbers of positive cells per 40X field of view were scored for both TUNEL and Ki67 using the method of Whitehead et al (20) . Five fields of non-necrotic areas were selected randomly across each tumor section and the average number of positively stained cells per field was calculated.
Statistics. Differences in tumor diameter between the treatment groups were analyzed by one-way analysis of variance using Statistical Package for the Social Sciences (SPSS) software (SPSS Inc., Chicago, IL). The Mann-Whitney test was used to analyze differences between treatment groups in numbers of TUNEL-and Ki67-positive cells. A difference was considered statistically significant when the p-value was <0.05.
Results
Growth inhibition of A549 cells.
Morphologically, cells treated with 4HPR or PG-4HPR became rounded and detached from the surface of culture plates, which indicates cell death. This effect was more pronounced at a longer incubation time, as reflected by a significant reduction in cell density compared to untreated control (Fig. 2) . The effect of prolonged incubation on growth inhibition was more pronounced with PG-4HPR than with 4HPR. The 50% inhibition concentration (IC 50 ) of PG-4HPR decreased from >50 μM to 9.75 μM when exposure times increased from 24-120 h. The IC 50 of 4HPR was 25.8 μM and 6.25 μM after 24 h and 120 h exposure, respectively.
In vitro radiosensitivity. Treatment with 4HPR or PG-4HPR
alone at a concentration of 10 μM for 120 h reduced the number of A549 colonies to 65% and 68%, respectively, that of untreated controls. The effect of combined treatments on colony formation was normalized to that of the corresponding drug used alone. Fig. 3 shows the survival curves for A549 cells grown without or with continuous supplementation of 4HPR and PG-4HPR and treated with varying doses of radiation. Cell survival decreased when 4HPR or PG-4HPR was used in combination with radiation. There was no difference in radiation response between 4HPR-and PG-4HPR-treated cells, the two survival curves being nearly superimposable. Enhancement factors were calculated at the surviving fraction of 0.1 by dividing the radiation dose required to kill 90% of colonies with radiation alone with the dose required to kill 90% of colonies with radiation combined with 4HPR or PG-4HPR. The enhancement factors for 4HPR and PG-4HPR were 1.40 and 1.43, respectively.
In vivo tumor response to radiation. Mice bearing A549 lung cancer xenografts were treated with 4HPR, PG-4HPR, radiation alone, 4HPR plus radiation, or PG-4HPR plus radiation. Tumor irradiation alone delayed tumor growth for 7.5±3.5 days compared with untreated controls, whereas 4HPR alone at a single dose of 30 mg/kg did not delay tumor growth at all. PG-4HPR alone delayed tumor growth for 4.0±3.6 days at a dose equivalent to 30 mg/kg 4HPR. While the combination of 4HPR and XRT had a moderate inhibitory effect on tumor growth at the tested dose (10.2±4.9 days), the most effective tumor growth delay was achieved with a combination of PG-4HPR and XRT (15.9±5.6 day) (Table I 
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control compared with radiation alone (p<0.05). Treatment with 4HPR or PG-4HPR at the injected dose of 30 mg eq. 4HPR/kg did not cause a significant loss in body weight (Fig. 4B) .
Effect of combined treatments on apoptosis and tumor proliferation index.
To assess the effects of combined therapies on tumor apoptosis and proliferation, sections from tumors subjected to various treatments were stained for TUNEL and Ki67. Fig. 5A shows representative microphotographs of stained sections from tumors treated with combined PG-4HPR/ radiation and radiation alone in comparison with untreated controls. Fig. 5B summarizes the numbers of cells that stained positive for TUNEL and Ki67. A trend of increasing apoptotic tumor cells and decreasing proliferating cells can be seen with the following sequence of treatment groups: untreated controls, 4HPR, PG-4HPR, 4HPR/radiation, and PG-4HPR/ radiation, although the difference between the combination treatment groups and the radiation alone group did not reach statistical significance. Treatments with PG-4HPR, radiation, 4HPR/radiation, and PG-4HPR/radiation significantly increased apoptotic cells and decreased Ki67-positive cells compared with untreated controls (Fig. 5B ).
Discussion
The enthusiasm for 4HPR as a radiosensitizing agent comes from its ability to decrease cell growth and drive cells into apoptosis in many cell culture systems at dose levels that are nontoxic to normal tissues (13) (14) (15) (16) . Although 4HPR has previously been reported to influence cellular response to radiation (17) (18) (19) , no study has been reported on the radiosensitizing effect of 4HPR in vivo. In the current study, we confirmed that 4HPR enhances the response of A549 lung tumor xenografts to radiotherapy. Moreover, we found that the polymeric conjugate PG-4HPR enhanced the radioresponse of lung cancer tumors to a greater extent than did free 4HPR (Fig. 4 and Table I ). Combined PG-4HPR/XRT therapy, but not 4HPR/XRT, significantly inhibited tumor growth compared with XRT or PG-4HPR alone (p<0.05). The enhancement factors obtained with combined PG-4HPR/XRT and 4HPR/ XRT were 1.6 and 1.3, respectively, representing a 23% improvement in treatment efficacy when 4HPR was replaced with PG-4HPR. Our in vivo data also confirmed that the combination of PG-4HPR and XRT increased apoptotic responses and reduced cell proliferation compared to monotherapies (Fig. 5) . The increased radiosensitivity induced by PG-4HPR, as compared with free 4HPR, in tumor xenografts may be explained by the EPR effect of macromolecules. We have previously shown that a conjugate of PG with paclitaxel, PG-TXL, demonstrated a remarkably enhanced radiosensitizing effect when compared with that obtained with free paclitaxel (20) . Enhanced uptake of PG-based polymeric contrast agent has also been demonstrated by magnetic resonance imaging (21) . Our current findings are consistent with these earlier findings with PG-TXL in that enhanced radioresponse was achieved with the polymer-drug conjugates. With a mechanism of action similar to that of PG-TXL, PG-4HPR may enhance the radiosensitivity of A549 tumors to 4HPR by increasing the delivery of 4HPR to the tumor and prolonging drug exposure at the irradiated tumor site.
In contrast to its enhanced antitumor efficacy in vivo, PG-4HPR was found to be less potent than free 4HPR in inhibiting A549 cell growth in vitro at an equal dose level on the basis of IC 50 values. However, the difference in IC 50 values between PG-4HPR and 4HPR decreased when the drug exposure time increased from 24 h to 120 h. This is because free 4HPR was gradually released from PG-4HPR; ~60% of 4HPR was released from PG-4HPR over a period of 120 h (data not shown). The clonogenic survival assay confirmed that, in vitro, PG-4HPR retained the radiosensitizing activity of 4HPR. Both agents were equally effective in potentiating the radiosensitivity of A549 cells, with enhancement factors of 1.40 and 1.43, respectively (Fig. 3) . This is not surprising, considering that the cells in clonogenic assay were exposed to both agents for 18 days, which allowed most of the 4HPR in PG-4HPR to be released. These results support the hypothesis that the enhanced antitumor activity of PG-4HPR in combination with XRT in vivo results from the increased and prolonged delivery of 4HPR to the tumor, rather than an intrinsically different mechanism of action between PG-4HPR and free 4HPR.
Histologic analysis confirmed that both 4HPR and PG-4HPR significantly increased apoptosis in A549 tumors compared with untreated tumors. Moreover, combined PG-4HPR/XRT therapy increased apoptotic responses and reduced cell proliferation compared to PG-4HPR or XRT used alone (Fig. 5) . 4HPR-induced apoptosis involves several mechanisms, including the generation of reactive oxygen species, which is a classic radiation enhancer (22, 23) . Therefore, one of the sources of the enhanced antitumor effects of combined therapy might be the generation of reactive oxygen species with 4HPR and PG-4HPR treatments.
PG is an attractive polymeric drug carrier owing to its biodegradability, biocompatibility, and ability to render waterinsoluble drugs water soluble when the drug molecules are covalently conjugated to the PG carrier (24, 25) . PG has been used for the delivery of several chemotherapeutic agents. One such conjugate, PG-TXL, has successfully advanced into clinical phase III studies (25) . In the current study, 4HPR was conjugated to partially cross-linked PG composed of linear PG of low molecular weight (M n =13,000) by linking them together through hydrolytically labile ester bonds (Fig. 1) . It is thought that the partially cross-linked PG is degraded by two modes: enzymatic degradation of the PG backbone and hydrolytic degradation of the cross-linking ester linkage. The hydrolytic degradation would yield PG having a molecular weight lower than the renal clearance threshold (26) . Further studies are needed to evaluate whether partially cross-linked PG could be cleared from the body at a faster rate than could a linear PG polymer of comparable molecular weight. PG-4HPR was clearly well tolerated, as reflected by the minimal change in the body weight of mice treated with PG-4HPR at the indicated dose.
In conclusion, the combination of polymeric agents with radiotherapy is a novel approach to increase the therapeutic ratio of radiotherapy in patients with lung cancer. Further work is justified to examine the effect in more detail, as an increase in tumor radiosensitivity of 60% with an acceptable level of toxicity might translate into significantly higher rates of local tumor control with radiotherapy.
